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NOTICE

This report was prepared as an account of Government sponsored work. Neither
the United States, nor the National Aeronautics and Space Administration
(NASA), nor any person acting on behalf of NASA:

A.) Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not
infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method or
process disclosed in this report.

As used above, "person acting on behalf of NASA"” includes any employee or
contractor of NASA, or employee of such contractor, to the extent that such
employee or contractor of NASA, or employee or such contractor prepares, dis-
seminates, or provides access to, any information pursuant to his employment or
contract with NASA, or his employment with such contractor.

Request for copies of this report should be referred to

National Aeronautics and Space Administration
Office of Scientific and Technical Information
Attention: AFSS-A
Washington, D. C. 20546
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FOREWORD

This Summary Report covers the work performed under NASA Contract NAS
3-7267 during the period from 1 April 1965 to 31 May 1967. This report has
been given the NASA number CR-5L4507 and the TRW internal number ER-7162.

This contract was initiated between NASA Lewis Research Center and TRW
Inc. for the "Development of High Temperature Nickel-Base Alloys by Conventional
Alloying Techniques for Application as Jet Engine Turbine Buckets." Technical
direction was supplied by the Project Manager, Mr. F. H. Harf, of the NASA ILewis
Research Center; Air Breathing Engine Division, Cleveland, Ohio. Mr. R. L.
Dreshfield served as the NASA Research Advisor.

Dr. H. E. Collins of TRW Equipment laboratories was the Project Engineer.
Dr. R. J. Quigg was the TRW Program Manager. Technical assistance was provided
by Mr. S. T. Scheirer. Mr. A. F. Bond of TEW contributed significantly to the
statistical aspects of the program.
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DEVELOPMENT OF HIGH TEMPERATURE
NICKEI-BASE ALLOYS FOR JETI ENGINE
TURBINE BUCKET APPLICAT IONS

By

H. E. Collins

ABSTRACT

The object of this program was to develop a nickel-base alloy suit-
able for use in advanced turbine blade applications. The program was divided
into two tasks.

Task I was a screening study where 75 experimental compositions were
melted, cast, and evaluated on the basis of mechanical property, micro-
structure, and workability results. Ilatin Square and fractional factorial
statistical designs were used to formulate the alloy compositions. The
elements studied as alloy additions were Ta, W, Mo, Ti, Cb, V, Hf, Re, Ru,
A1, Cr, Co, C, and Zr. Ta, W, Hf, Al ,and Cr appeared to be the elements
most influential in improving stress rupture life. In general, the elements
and levels which increased the life also increased tensile strength, but they
normally decreased ductility and workability.

In Task II, a more complete property evaluation was performed on the
three most promising cast alloys and the five most promising wrought alloys.
derived in Task I. The results of this evaluation showed that Alloy VI A
had the best combination of high temperature properties of the three cast
alloys. It represents a substantial improvement in stress rupture life
with an approximate 50 F increase in temperature over the lives of present-
day high strength nickel-base alloys. The results also showed that four of
the five alloys, Alloys I-5, IIb, IId, and IIIg, were promising wrought alloys.
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SUMMARY

The object of this program was to develop a nickel-base alloy suitable
for use in advanced turbine blade applications. The program was divided into
two tasks. Task I was a screening study where 75 experimental compositions
were melted, cast, and evaluated on the basis of mechanical property, micro-
structure, and workability results. From this study, compositional ranges of
alloys leading to the selection of three promising cast and five promising
wrought alloys were established for more complete property evaluation in
Tagk II.

In Task I, two statistical techniques, lLatin Square and fractional
factorial designs, were employed to study the effects of a number of elements
on the mechanical properties and workability of the alloys. The elements
studied were Ta, W, Mo, Ti, Cb, V, Hfy, Re, Ru, Al, Cr, Co, C;, and Zr. The
level or range of levels of these elements found to produce optimum stress
rupture lives with adequate ductility are as followss

Ta W Mo T4 Cb v Hf

8.0-9.0 5.,5-6,0 2.0 ° 1.0 0.5-1,0 0-0.5 0.43=2.0

Re Ru Al Cr Co C Zr

0-1.0 0 5. 5.4-6.1 5.0=7,5 0.13-0.15 0,03-0,13

Ta, W, Hf, Al, and Cr appeared to be the elements most influential in improving
stress rupture life. In general, the elements and levels which increased life
also increased tensile strength, but they normally decreased ductility and
workability.

In Task II, a more complete property evaluation was performed on the
three most promising cast alloys and the five most promising wrought alloys
derived in Task I. The property tests for the cast alloys included stress
rupture tests at 1L00°F, 1875°F, and 1950°F; tensile tests in the "as cast" o
condition and after a 300 hour argon age at 1875°F at room temperature, 1200°F,
14,00°F, 1600 F, 1875°F, and 1950°F; Charpy impact tests; thermal fatigue tests;
oxidation and hot corrosiontests; and phase analysis and microstructural instability
tests. The results of these tests showed that Alloy VI A had the best high'
temperature properties of the three cast alloys. It represents a substantial
improvement in stress rupture life with an approximate 50°F increase in tempera-
ture over the lives of present-day high strength nickel-base alloys. Its ten-
sile strength and impact properties are comparable with such alloys. It has
adequate ductility, good thermal fatigue and corrosion resistance, and does not
appear to suffer from microstructural instability. Its major disadvantage is
cost due to the presence of rhenium.

The property tests for Bhe wrought alloys included short and long time
stress rupture tests at 1875 F. The results of these tests showed that four
of the five alloys, Alloys I-5, IIb, IId, and IIIg, were promising wrought alloys.



I. INTRODUCTION

The desire for faster and larger aircraft has given impetus to the improve-
ment of existing materials as well as the development of new materials capable of
maintaining their strength and their creep, oxidation, and thermal fatigue re-
sistance at high temperatures. The air breathing engine is a notable example
where material limitations have retarded progress. The efficiency and power out-
put of such engines are primarily dependent upon the operating temperatures. The
temperatures, in turn, are dependent upon the temperature capabilities of the
materials in the hot sections of the engine. As a result, improving the tem-
perature capabilities of materials should result in greatly enhancing the effi-
ciency and power output of the air breathing engine,

This program was initiated to develop a material with improved high tem-
perature capabilities for use as turbine buckets. The target properties for
the material are a 3000 hour stress rupture life at 1875°F under a stress of
15,000 psi. The alloy should also have resistance to cracking during thermal
cycling from 1875 F to ambient temperatures. These requirements eliminated
both the iron- and cobalt-base superallcy systems from further consideration.
In iron-base superall?{ﬁ the loss of strength and severe oxidation become pro-
hibitive above 1500 3 while in cobalt-base superalloys, it is not cgrrently
possible to strengthen them t0 near the desired load bearing capa01ty( This
leaves the nickel-base superalloy system as the likely candidate for development
to meet the target properties. Figure 1 shows the stress rupture pr %e tles of
existent cast nickel-base superalloys in relation to the target alloy!3/.
figure shows that the target goal is a considerable increase over propertles
available in present-day cast superalloys.

The program was divided into two tasks. Task 1 was a screening study
where 75 experimental alloys were melted, cast, and evaluated to determine
mechanical properties, workability, and microstructure. The alloys were divided
into groups of compositions formulated by statistical designs. The statistical
experiments were designed to maximize the effect of the three basic alloy
strengthening mechanisms available in the nickel-base alloy system: intermetallic
formation, solid solution strengthening, and carbide strengthening. Task I was
completed in the first fourteen months of this twenty-six month program.

Task II entailed a more complete property evaluation of the three most
promising cast alloys and the five most promising wrought alloys derived in
Task I. The selection of the three cast alloys was based upon the mechanical
property tests performed, which included room temperature, 1L0OO °F, 1875°F, &nd
2000°F tensile tests and 2OOOOF 15,000 psi stress rupture tests. Stress rup-
ture life was given the greatest weight in the selection. The selection of
the five wrought alloys was based upon the workability rating and the stress
rupture life. Task IT was completed in the last twelve month of the program.

This report sumarizes the results obtained during the twenty-sixz months
of NASA Contract NAS 3-7267. It includes a discussion of nickel-base alloys,
a review of the program to develop a high temperature nickel-base alloy, a
review of the experimental procedures, a summary of the experimental results,
and a discussion of these results.



IT. PHYSICAL METALLURGY OF NICKEI-BASE ALIOYS

Historically, the 80 Ni-20 Cr Nimonic 75 alloy developed in England in
the 1930's is considered to be the forerunner of the present day nickel-base
superalloys. Since then, the addition of alloying elements has caused a
gradual improvement in the high temperature strength of nickel-base alloys.
This has resulted in a group of complex alloys containing a large number of
such elements. Most of these alloying elements contribute to one or more of
the three basic alloy strengthening mechanismsg which manifest themselves in
nickel-base alloy systems - intermetallic, solid solution, and carbide strength-
ening. 8ince the physical metallurgy of nickel-base alloys varies only in ‘
degree between wrought and cast alloys, a single treatment of these concepts
is sufficient for both. However, there are certain aspects of wrought and
cast alloy which bear separate mention.

A, Intermetallic Formation -

The high temperature properties of present day nickel-base alloys
depends principally upon the precipitation of intermetallic phases. Factors
which influence the effects of these phases on the high temperature properties
include the type, the rate of growth, the size and morphology, the density and
distribution, the lattice match with the matrix, and the strength and ductility
of the precipitate(s.)(Ls5). :

In nickel-base alloys the most important single factor contributing to
the retention of high temperature strength is commonly held.to be the precipita-
tion of the Ni,Al intermetallic phase, gamma-prime., The Ni,Al compound, like
the solid solu%ion matrix gamma, has a face-centered cubic Cerystal structure.
While the lattice parameter of the matrix changes slightly with small changes
in composition, the difference in lattice parameters betwee? ?atrix and gamma-
prime is very slight, i.e., generally less than 0.5 percent 6), As a result,
it can be assumed that the major strengthening effect of this precipitate, even
though it is probably coherent with the matrix, is not due to lattice straining
bub to a variation in flow characteristics between the two phases. In fact, it
has been demonstrated that th? glow stress of the gamma-prime phase increases
with temperature up to 1hOO°F 1, Thus, the precipitated phase actually becomes
more resistant to deformation, while the matrix loses strength.

A substantial portion of the aluminum atoms (up to at least 60-65%) in the
Ni. Al compound can be replaced by titanium or columbium atoms without changing
the basic crystal structure or stirengthening effect of the intermetallic. If
this solubility limit is exceeded, orthorhombic Ni.Cb (epsilon) or hexagonal
ML, Ti (eta) phases will precipitate in place of or i
Other elements may also have subordinate effects upon the gamma-prime phase. In
particular, the heavy metals molybdenum and tungsten retard precipitate growth
by reducing diffusion rates; cobalt is reputed to enhance the high temperature
stability of gamma-prime by increasing its sclutioning temperature 6).

conrbination with gamma-prime.



A nunber of morphological forms may be associated with gamma-prime, de-
pending both upon its stoichiometry and the thermal and mechanical history of
the material. Some of these are shown in Figures 2, 3, and L. One form,
prevalent in lightly alloyed systems, is a fine intragranular precipitate
which is developed by use of a solutioning and aging treatment, Figure 2A.

In more heavily alloyed superalloys, it is often impossible to suppressithe
precipitation of gamma-prime on cooling from a solution temperature, Figure 2B.
Cast alloys often have a gamma-prime dispersion favorable to high temperature
properties, which is formed directly upon solidification and cooling. Such
alloys, generally containing high percentages of aluminum and titanium, exhibit
a coarse, somewhat blocky type of intragranular gamma=-prime, Figure 3A. Heat
treated alloys containing larger amounts of addition elements also exhibit a
blocky intragranular gamma-prime precipitate morphology, Figure 3B. The relative
coarseness of the particle depends both upon the chemistry and heat treating
temperature. These forms of gamma-prime are considered to be beneficial to
high temperature strength and are encouraged through the use of controlled
casting techniques and selected heat treating procedures.

Another gamma~-prime morphology often observed in heavily alloyed cast
superalloys is the blossom-like eutectic formation of gamma and gamma-prime,
Figure L. Formed directly upon solidification, this structure can be detri-
mental to high temperature properties. Careful control of casting procedures
in an alloy of proper composition can usually minimize this effect.

While coarser gamma-prime is relatively stable at normal service exposures,
fine gamma-prime is often dissclved during extended thermal exposure. Medium
size gamma-prime will also coalesce or even solution during service. Either
effect may alter properties; hence, gamma-prime stability and morphology are
important for effective utilization of nickel-base alloys. ’

B. Solid Solution Strengthening

Reference to binary phase diagrams(B) reveals that a number of elements
have a wide solubility in nickel. Noteworthy among these are the refractory
metal elements and cobalt. The solution of such elements in nickel increases
the resistance to deformation, particularly at high temperatures. Recent
trends in superalloy development have shown that increased amounts of refractory
metal solid solution hargeners significantly improve the stress rupture proper-
ties, especially at 1800°F and above. Unfortunately, while increasing strength,
some of the refractory metals may decrease oxidation resistance, ductility, and
particularly in the case of tungsten, increase the density of the alloy.

Other elements which are taken into the nickel-rich gamma solid solution
are chromium and cobalt., While not particularly beneficial to high temperature
strength, these elements, nevertheless, do have important effects: chromium on
oxidation resistance and carbide formation, and cobalt upon gamma-prime stability,
workability, and duetility.



C. Carbides

Though the carbon level in most nickel-base alloys is quite low, e.g.,
in the vicinity of 0.10 percemt by weight, the formation of a variety of
carbides is an important contribution to the strengthening of these metals.,
While nickel itself is not a strong carbide former, many of the alloying con-
gtituents of sweralloys do have a strong propensity to form one or more car-
bide types. Minor alterations in chemistry appear to exert a large influence
uponr the type, stability, and morphology of the carbides formed.

The most stable carbide formed in nickel-base alloys is the MC type.
This carbide is generally titanium-rich, although columbium or tantalum-rich.
carbides will form if these elements are present. The order of decreasing
preference for MC forma isn observed in nickel-base alloys is the followings
TaC, CbC, Zr¢, TiC, wcl9/,

MC is generally a stable carbide close to the fusion temperature and
assumes a massive, somewhat cubic structure evenly distributed throughout the
microstructure, Figure 5A. The massive MC carbides do not contribute greatly
to alloy strengthening. In certain instances, MC is formed in grain boundary
areas, Figure 5B, where it is relatively unstable at temperatures well below
the melting point. :

Another common {type of carbide is the M 3C6 type. The primary metallic
constituent is chromium with small amounts o% molybdenum, tungsten, or iron
whenever these elements are present. A typical Somposigion is Cr (Mb,W)zcé.
M,,0; forms at relatively low temperatures (1400°F-1700"F) and te%%s to re®
soiu%ion at any temperature above 1800°F. Tt ig, therefore, an effective
strengthener only at lower exposure temperatures. Generally formed in the
grain boundary areas, this carbide may assume one of two morphologies. If
diserete particles of the carbide are formed, Figure 6A, creep resistance

and ductility are enhanced, especially in moderate temperature ranges. How-
ever, a continuous carbide film or platelet may be formed in the grain boundary
regions, Figure 6B. This network has an embrittling nature and a deleterious
effect upon both creep resistance and ductility. The morphology of grain
boundary MéBCé is controlled through composition, processing, and heat treat-
ment.

Generally, the least common of the three major carbides detected in
nickel-base alloys is the MEC type. This carbide generally replaces Mé 06
in those alloys containing over approximately 6 weight percent molybdenam
plus its equivalent in tungsten. M,C is generally a double carbide more
correctly designated as M M C, where x +y = 6. M_is generally one of the
transition metals (Fe, Ni ®r Co) and M_ is one of the refractory metals
(Mo, W, or Cb). A typical composition Is N’ico2 (Mo, W)BC. Alloy chemistry



also greatly affects the amount of this carbide formed. For example, in
Inco 713C, this carbide is found in only small quantities and is relatively
inert over a range of temperatures; but in an alloy. such as Rene' L1 with
higher molybdenum, MEC is of major significance. Generally, it is more
stable than C,, but somewhat less so than MC. M,C assumes a discrete
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particle morphology, often in grain boundary regions.

Carbide phases, particularly MQBC and MgC will tend to coalesce and
resolution upon extended exposure in tﬁe 1500-1900°F temperature range.
These phases may then reprecipitate in a platelet or other less desirable
form. It is, therefore, desirable to attain as stable a carbide formation
as possible, while still retaining its creep strengthening effect. Even MC,
considered the highly stable carbide, has been reported as being metastable
in nickel-base alloys.

D. Minor Elements

Minor elements other than carbon which are added to nickel-base alloys include
boron and zirconium. These elements were originally present as tramp elements,
but attempts to lower their concentration or eliminate them completely has, in
most cases, led to a deterioration in properties. Hence, most present-day
alloys contain small amounts of both. \

The exact function of these elements is not completely understood. It
is thought that their main effect occurs in grain boundary regions. One
possible explanation for their effect in these areas is that the boron and
zirconium atoms migrate to grain boundary regions and fill open spaces
present there. This would then slow down grain boundary diffusional processes
which contribute to0 creep deformation and would thereby strengthen these ’
regions(6). A second explanation supported by experimental data is that the
presence of the boron and zirconium in the grain bowndary retards early
agglomeration of M, C6 carbides and the subsequent formation of creep cracks
in these areas. Tg§s retardation could be due to the reduction of carbon,
titanium, ard aluminum segregation in the grain boundaries by boron and
zirconium. This is supported experimentally by the fact that boron increases
the amount of intragranular carbide precipitation whi?h is Sonsistent with a
reduction in the grain boundary segregation of carbon10s1l), 1In addition,
there is some experimental evidence which indicates that boron and zirconium
may change interfacial energy relationships sufficiently to favor coalescence
and spheroidization of secondary phases along grain boundaries(11,12), Thig

is thought to increase grain boundary strength.

E. Wrought Alloys

From the development of the early Nimonic alloys on through the intro-
duction of Udimet 700 in 1959, nickel-base superalloys were either wrought
or were combination wrought-=cast alloys. The uniformity of properties and
structure, reliability, and lower cost of production of high temperature
products forged from wrought nickel-base alloys were unguestioned. In fact,
these alloys were used in the as-cast form only when the part could not be



produced by conventional forging techniques.

The chemical composition of a few common wrought nickel-base alloys
are shown, Table 1, and are designated by "W", The inecreasing amount of solid
solution and intermetallic forming alloying slements present as ome progresses
from Nimonic 75 to Udimet 700 is apparent. The improvement in strength with
increased alloy additions is shown in Table 2, which gives the 1800°F and 1900°F
stress rupture properties. Alloys such as Nimonic 75, Inconel X, and Waspaloy
are not used at temperatures as high at 1800 F. To achieve the necessary strength
levels, wrought superalloys require complex heat treatments consisting of solution
annealing and often several aging cycles.

In addition to the high temperature strength requirement, wrought
alloys must also possess the ability to be deformed at some temperature gener-
ally above the potential use temperature. Demands for increased strength were
fulfilled by increasing the amounts of alloying constituents. While additional
alloying provided the required strength, it also rendered nickel-base alloys
stronger at the potential deformation temperatures. As a result, wrought alloys
became more difficult to produce as bar stock and forge to finished parts.

F. Cast'Allgzs

The advantageous position enjoyed by wrought superalloys in re-
lation to cast alloys has today been all but nullified when strength retention
above 1800°F is demanded. Casting practice has improved tremendously to the
point where uniformly sound, reliable products are often ﬁheorule, The advan-
tages of cast alloys as creep resistant materials above 1800 F are two-folds
(1) a given alloy, in the cast form is more creep resistant than in the wrought
form, probably because of grain size and subgrain effects; (2) increased amounts
of aluminum and titanium and the solid solution strengthening refractory elements
can be added with the removal of the workability criterion.

Typical compositions for a number of currently prominent cast nickel-
base superalloys are shown in Table l. While increased amounts of alloying
elements are evident when compared with the wrought alloys, the trend is also
apparent from an earlier cast Inco 713C to the recently developed NASA alloys
TAZ8 and TAZBA. The improved strength derived from these alloy additions is
presented in Table 2.

A further advantage of cast alloy materials is the ability to be
precision cast to hollow configurations. Providing that mold technology and
alloy castability is sufficient; a wide variety of intricate parts can be
investment cast by the lost wax method.



III. PROGRAM FOR THE DEVELOPMENT OF A HICGH TEMPERATURE NICKEL-BASE AILOY

The program for the development of a high temperature nickel-base alloy
was divided into two tasks:

A. Task I - Screening Studies
B. Task II - Complete Property Determination

A, Task I = Screening Studies

Task I involved a screening study where 75 experimental compositions
were melted, cast; and evaluated to determine mechanical properties, work-
ability, and microstructure. The 75 compositions were divided into groups
of alloys utlllzlng statistical designs to formulate compositions for each
of the alloys in a given group. The statistical experiments were designed
to maximize the effect of the three basic alloy strengthening mechanisms
available in the nickel-base alloy system: intermetallic formation, solid
solution strengthening, and carbide strengthening. In this section, the
requirements and evaluation of the proposed alloy and the methods of statis-
tical analysis utilized in alloy selection are presented.

1l Requirements and Evaluation of the Proposed Alloy

In order to satisfy the requirements for a turbine blade material
in the new higher temperature air breathing engines, a substantial increase
in the presently available properties of nickel-base superalloys is required.
Guidelines, which were established as target properties for the new nickel-
base materlal, are the attainment of 3000 hour stress rupture life in an
1875°F test under 15,000 pgi load and the resistance to cracking during
repeated cycling from 1875 F to ambient temperature. The stress rupture
capability of several present-day cast nickel-base alloys has already been
noted in Figure 1. It is apparent that considerable upgrading of present-day
alloys is required to achieve an alloy with the suggested target properties.

In order to avoid extended testing times, strgss rupture evaluation
in Task I was carried out with a screening test at 2000 F and 15,000 psi
stress level. The tests were performed in air. When tested under these con-
ditions, lives from 100 to 150 hours can be considered to roughly correlate
with the 3000 hour criterion at 1875°F for this type material,

In addition to evaluation of experimental comp051t ons by ress\
rupture ‘testing, tensile testing at room temperature, lhOO F, 1875%F ‘
and 2QOO°F were carried out to ascertain further the overall capa01ty i

- of the nickel-base superalloys. These tests reveal the maximum strength
inherent in the alloy and the ductility it possesses. Ductility is par-
ticularly important in the lhOOOF temperature range where many nickel-base
superalloys are severely limited due to low ductility.



2. Statistical Analysis and Alloy Selection

In order to achieve the proposed goals of this program, it is evident
that the nickel-base alloy developed must contain optimum combinations of the
three basic strengthening elementss intermetallic, solid solution, and carbide
strengthening elements. In Task I of this program, suitable combinations were
developed by grouping elements by their alloy types and then analyzing the
mechanical properties of each alloy grouping individually and collectively
(including interactions where applicable)} through suitable statistical tech-
niques. -

The 75 compositions were divided into six groups or series of alloys:
27 in Series I, 9 each in Series II and III, 18 in Series IV, 8 in Series V,
and l; in Series VI, Two statistical techniques, Latin Square and fractional
factorial, were utilized to aid in the formulation of the alloy compositions.
These two techniques will be reviewed briefly below, and the designs and/or
elements varied in each series presented. :

The Latin Square design(13) is particularly useful where variables
can be separated into groups of three, ideally having a similar function, as
is often the case in nickel-base superalloys. Each of the three elements in
a given grouping are assigned three compositional levels for a total of nine
alloys for each square. By analyzing the sum of squares and using the "F" test
for significance, the individual consequence of each element can be ascertained
and the total interaction between the elements can be estimated. One is then
able to discern the level of confidence for certain data trends. By varying
an element over a given range using three values, it can be determined whether
or not an element has a significant effect upon the property changes which
develop as the chemistry is altered.

The Latin Square design was used in Series I, II, and III. Five
Latin Squares were set up - three in Series I and one each in Series II and
III. These are shown in Table 3. The elements held constant for all Series I,
II, and III compositions (total L5 alloys) and the levels employed are given
below (weight percent)s :

Co Cr Zr B C

klOQO 10,0 0,03 0,02 0.13

The principal purpose of Series I was to optimize the solid solution
strengthening elements Mo, Wy, and Ta. Previously developed nickel-base compo-
sitions, such as TRW 1900, SM 200, and B 1900, have shown that these elements
in some quantity can produce significant strengthening. However, since the
amount of these elements can greatly affect the amount of nickel available for
gamma~prime formation, the relative amounts of these elements must be considered
in conjunction with three latin Square designs of nine compositions each. Mo,
W, and Ta were varied at the same three levels in each square with each square
consisting of different (A1 + Ti) levels, as shown in Table 3 (Squares 1, 2, amd
3). As a result of the analysis of Series I data, the following fixed additions
were designated for Series II and III:



Mo W Ta Ti

2.0 5.5 8.0 1.0

The object of Series II was to determine the effect of small addi-
tions of the strong carbide formers, Cb, V, ard Hf, Columbium and vanadium
have been found to be particularly important for property optimization in
present-day alloys; e.g., Cb in TRW 1900 and SM 200 and V in IN 100 and TAZ-8.
Hafnium should have similar effects. Cb, V, and Hf were varied in Square L
(Table 3) using the elemental levels designated previously and l.5 Al.

In Series III, the purpose was two-fold. The first was to determine
the effect of two elements, Re and Ru, not commonly used in nickel-base
alloys. These elements show some solid solubility plus sufficient lattice
mismatch to provide potential strengbthening and have been advocated in
another similar alloy development effort(lﬁ). The second was to optimize
the strengthening effect of Al, the principal gamma-prime former. Re, Ru,
and Al were varied in Square 5 (Table 3) using the new base. :

It became evident after reviewing the results of the first three series
that further testing was required to optimize the levels of several of the
elements being varied, such as Ta, W, Hf, and Re. In addition, several import-
and elements appeared to require further study. These included two major
additions, Cr and Co, and two potent minor additions, C, and Zr. To study
this number of variables using the Latin Square design would have required
a minimum of three squares of 9 alloys each or 27 out of the 30 remaining
alloys. This would have allowed only three alloys for further alloy optim-
ization. Fractional factorial designh, on the other hand, is particularly
well suited for a screening study on large numbers of variables with a reason-
ably small number of experiments. The design utilized is orthogonal and per-
mits t?e 3alcu1ation of main effects for each component incorporated into the
design 15), The main effect of an element for a given property parameter is
defined as the difference between the average value of that property for alloys
with the element at the high concentration level and that with the element at
the low concentration level. Main effects are either positive or negative
with a positive value indicating improvement in the property with increasing
concentration of the element. However, one major disadvantage of the two
level factorial over the Latin Square technique is the possibility that the
property goes through a minimum ?or maximum) between the two levels. This
design was used in Series IV and V.

The primary objective of Series IV was to determine the effects of
Cr, Co, C, and Zr and to further examine the effects of Ta, W, Hf, and Re
on the mechanical properties. A fractional factorial experiment consisting
of 16 alloys was set up in which 8 factors (the 8 chemical elements) were
varied at 2 levels. Plan 8 of Table 12-); of Reference 16 was modified to obtain
the desired experimental design. This.factorial plan was'modified 86 "thdt several
alloys out.of the 16 contained.the high percentages of only.two of :thé eight



elements being varied instead of four as in Plan 8. This was accomplished

by formally multiplying each Plan 8 treatment combination by the letters gh

and deleting g2 and h? wherever they occur. Both plans possess the property
that the eight main effects are obtained separately and not confounded with
first order interactions, and that the 28 first order interactions are obtained
in seven separate confounded groups of four (each one confounded with three
others) in such a way that each group of four involves all eight factors. These
two plans, the levels of the elements being varied, the alloy designations, and
the design symbols are given in Table 4. The elements held constant in Series
IV are given belows ’

Al Mo  _Ti Cb B
S 2.0 1,0 0.5 0,02

In addition to the 16 alloys noted above, an alloy based upon a combination
of past experience in the program and metallurgical judgment and an alloy
with the design-center composition ofthe fractional factorial experiment
(Alloys Y and Z, respectively) were included in this series, bringing the
number of alloys in Series IV to 18. The nominal compositions of these two
alloys are given below: ‘

Alloy Co Cr Ta W Hf Re Zr G Al Mo Ti Cb B Ni

Y 5,0 6,0 8.0 5.5 2,0 1,0 0.03 0.15 5.4 2.0 1.0 1.0 0,02 Bal.
Z‘ 74:5 805 900 605 2oo 005 0013 0013 Soh 200 1 O

1.0
095 0002 Balo
Series V was designed to provide the information required so that it,

in conjunction with Series IV, could be used to determine the constants of a
general quadratic equation which would then be used for final optimization of
four components. A fractional factorial experiment consisting of eight alloys
(out of 12 remaining alloys for Task I) was set up. These alloys formed a
fractional factorial experiment in which four chemical components were varied
at two levels. Plan 2 of Table 12-l; of Reference 16 was the design used. The
four chemical components varied - Cr, Ta, W, and Hf = were selected from Series
IV as being the four (out of eight) components having the most significant effect
on the mechanical properties of the alloys, especially stress rupture life. Plan
2, the levels of the elements being varied; the alloy designations, and the de-
sign symbols are given in Table 5. The elements held comnstant in Series V are
given belows

.

c Mo Ti Al Co Re  Zr B Cb

0.13 2.0 1.0 S 7.5 0.5 0,13 0,02 0.5
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Series VI consisted of four alloys, thereby completing the 75 alloys
of Task I. One of the four alloys (Alloy VI A) was determined from the afore-
mentioned solution of the general quadratic equation of four components (Cr,

Ta, W, and Hf) for maximum stress rupture life. The remaining three alloys were
,determlned from a combination of experience gained from the prior alloy series
of this program and metallurgical judgment. The nominal compositions of these
four alloys are given below:

Alloy Cr  Ta W Hf .C Mo Ti Al Co Re Zr B Cb. v

A 6.1 9.0 5.8 0.L43 0,13 2.0 1.0 5.4 7.5 0.5 0.13 0.02 0.5 O
B . 6.0 8,5 6.0 1.75 0.15 3.0 1.0 5.4 5.0 0.5 0,08 0.02 1.0 0.5
C 6.0 8.0 6.0 1.75 0.15 2,0 1,3 5.4 5.0 0.5 0,08 0.02 0.75 O
D 5.4 8.5 6.0 2.0 1.0 5.4 50 O 0,08 0.02 0.5 0.5

1.75 0.15

B. Task II - Complete Property Determination

Tagk II entailed a more complete property evaluation of the three most
promising cast alloy candidates and the five most promising wrought alloy can-
didates from Task I. The alloy candidates were selected in the following manners
the cast alloys selection was based upon the mechanical properties with emphasis
on stress rupture life; and the wrought alloys, based upon the workability re-
sults and stress rupture life. The nominal compositions and average 2000 F/15,000
psi stress rupture lives of the three cast alloys are given in Table 6. The.
nominal compositions, average 2000 F/15,000 psi stress rupture lives,.and work-
ability ratings of the five wrought alloys are given in Table 7. In this section,
the property evaluations performed in Task II on the most promising cast alloys
and on the most promising wrought alloys are outlined.

l. Evaluation of Cast Alloys

The following property determinations were made on each of the three
cast compositions’

a.' Ten51le tests were run 1n air on the “as»gast" test spe01mens :
at room temperature, 1200 °F, 14,00°F, 1600°F, 1875°F, and 1950°F.

be "As-cast! test specimens were aged in an argon blanket for 300
hours at 1%75 ¥, gen51le gests were then rm at room tempera-
ture, 1200 F, 1400°F, 1600°F, and 1875 °p,

Ce Streas rupture tests were run on “asqchst” test specimens in

~air until failure. Oreep curves were also developed for each

alloy under each test condition. The test conditions were as
followss

21) 1uoo°F under 85,000, 90,000, and k4,000 psi load.

2) 1875 F under 15,000, 25,000, and 35,000 psi load.
(3) 1950°F under 15,000, 20,000, and 25,000 psi load.

11



d.

Be

f.

g

Stress rupture tests were run on "as-cast"otest specimens in
commercially pure argon at 1875°F and 1950°F under a 15,000
psi load.

Oxidation tests were run on "as-cast" tegt specimens in ajr
for 50, 200, 500, and 1000 hours at 1875°F, 1950°F, and 2100°F.
Also, a hot corrosion crucible test was run on these speclmens
at 1800

Charpy unnotched impact tests were run on "agﬁcast" specimens
in air at room temperature, 1400 F, and 1875

Thermal cycling resistance tests were run in air on Mas-cast"
specimens from 1875 F and from 2100 F to ambient temperature.

In addition to the above, the following techniques for structural
evaluation were employed as necessary?

he.

i.

Photomicrographs were made showing the general appearance of
the fracture of a typical stress rupture bar for each test
condition,

Light or electron microscopy was used to evaluate the "as-cast"
structure, the "as-heat-treated" structure, and the mode of
fracture in a typical stress rupture bar for each test condition.

Phase analyses were conducted on several selected alloy con-
ditions to determine the carbides present. In addition, after
a 1500 hour age at 1600°F, phase analyses were used on cast
alloys to determine whether they were microstructurally stable,
i.e., whether they formed detrimental phases, such as sigma,
mu, or laves.

2. Evaluation of Wrought Alloys

Stress rupture properties were determined for the five wrought
compositions in the following manners

e

b.

Three inch diameter cast ingots were double extruded to form
nominal 1/2 inch bar,

Solution heat treatments were developed to optimize 1875°F
stress rupture properties. Standard aging cycles were employed.

Test specimens were then heat treated in an argon blanket using
the treatment developed above.
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d. Stress rupture tests at two stress levels were conducted in

air. The stress levels were selected to produce rupture in

a relatively short time, such as ten hours, and a relatively
long time, such as three hundred hours, at 1875°F,

In addition to the property determinations, the techniques for
gtructural evaluation noted above were employed 'as necessary. :
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IV. MATERIALS AND PROCEDURES

The experimental techniques employed in this program are those normally
employed to evaluate cast nickel-base superalloys. The important aspects of
these procedures for each task will be described in this section. Note that
all of the procedures employed in Task I except for workability testing were
also employed in Task II. As a result, only changes or additions to these
procedures will be described for Task II,

A, Task 1
1. Materials

In order to minimize the effects of impurity elements, raw materials
of the highest purity which could be economically obtained were employed. A
purity level of 99.9 percent was specified on most alloying elements. Alloying
elements with an impurity content higher than 0.1% are listed in Table 8. In
all cases a certified chemical analysis of the raw material was obtained from
the supplier.

2. Melting and Casting Procedures

A two step melting and casting procedure was employed for each heat.
In Step 1, the virgin alloying elements were melted in a NRC vacuum induction
furnace using a Magnorite crucible. The virgin metal was cast as a cylindrical
ingot. The melting procedure utilized in Step 1 is outlined in Table 9. One
heat was made for each experimental alloy. The weight of charged material per
heat was 20 pounds for Series I alloys and 2 pounds for Series II to VI alloys.
Of this weight, approximately 2.5 to0 3 pounds was cast into a patty for chemical
analysis while the rest of the material was cast into the master ingot. The freez-
ing point of each heat was determined by immersing a Pt-Pt 13% Rh thermocouple
protected by a silica protection tube into the melt and recording the temperature
at which small nuclei, termed "silverfish", began to collect in the liquid bath.
Wash heats of pure nickel were employed whenever it was necessary to sinter in
new crucibles or to melt an alloy with zero concentration of an element which was
present in the previous alloy. The wash heats served to scavenge all potential
contaminants.

In Step 2, the virgin metal was remelted in either a NRC or a Stokes
vacuum induction furnace and cast into a tensile bar cluster. A tensile bar
cluster yielded fourteen tapered 0.250 inch gauge diameter tensile bar prefomms
(minimum diameter approximately 0.275 inch). In addition, each tensile bar
cluster yielded two square bars, 1/2" x 1/2" x 3", and a 1 inch diameter "down
pole®” about 3 inches in length. The melting procedure utilized for each heat
in Step 2 is outlined in Table 10. All remelting was conducted in disposable-
ceramic liners, thereby eliminating the‘nged for wash heats. The molds were
imbedded in ceramic and preheated to 1700°F. The ceramic prevented excessive
loss of heat by the preheated molds while the metal was being remelted. The
preheated molds retarded the solidification rate so that sound, shrink-free
castings were obtained with little segregation.

1k



3. Chemical Analysis

A complete chemical analysis for ‘all alloying elements and important
impurities, such as Fe, Mn, Si, and S, was performed for each heat. The analyses
were performed using a combination of X-ray spectrographic, spectroscopic, and
wet techniques depending on the element analyzed. In a number of cases, the
X-ray spectrographic and spectroscopic results were compared with the wet analysis
results in order to check out the standards which had been set up for these alloys.

s  Inspection

Following the cutting of the test bars from the cast clusters, all
bars were radiograph%éally inspected. ZEFach specimen was radiographed in one
position, rotated 90y and radiographed again to be sure that no defect would
go undetected because of orientation. This technique is very useful in detecting
porosity, cracks, or inclusions resulting from the casting process. After
machining to size and threading, each specimen was inspected for surface cracks
using the fluorescent dye penetrant technique.

5, Mechanical Testing

Two types of mechanical tests were employed as screening tests for
the 75 experimental alloys. The tests consisted of stress rupture testlng and
tensile testing of "as-cast" material in air.

(a) Stress Rupture Testing

Stress rupture testing was performed in air at 2000°F under
15,000 psi load. The tests were conducted on Satec constant load, lever arm
machines according to ASTM standards. Temperature control was maintained to
within #3°F.. Triplicate specimens were run for all stress rupture tests.

(b) Tensile Testing

1

Tensile testing was performed in air at room temperature, 1400°F,
1875°F, and 2000 °F. The tensile tests were run on an Instron Universal testlng
machine at a constant crosshead speed of 0,020 inch per minute. One exception
occurred in Series I where the majority of the room temperature and 1400 F tests
Wwere run on a Baldwin Testing Machine. A strain rate of 0.005 inch per inch per
minute as measured with a strain pacer was used with this machine. ASTM stand-
ards and furnace control to within #3 T were adhered to. Duplicate specimens
were run for all tensile test conditions.
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6. Metallography

The specimens were mechanically polished and etched with the chem-
ical etching reagent: 62% H_O, 15% H280 , 15% HF, and 8% HNO,. A transverse
section from the thread por%ion of a"room temperature tensile bar of each
alloy was used for metallographic examination of the "as-cast" structure.
Photomicrographs were made of each alloy at 250K and 750X magnification.
Representative specimens were also examined by electron microscopy using the
replica technique.

Photomicrographs at 5K magnification were made of representative
samples of the stress rupture specimens. To examine further the mode of
fracture, longitudinal sections through the necked down portion of these speci-
mens were photograephed at 60X magnification.

7. Workability Testing

The workability of the 75 experimental alloys was determined by
extruding the "down pole" portion of the tensile bar cluster and side pressing
up to 50 percent reduction the resulting stock. The down poles were X-rayed
for porosity prior to extrusion. They were then machined to approximately
0.90 inch diameter and clad in mild steel to 1.50 inch diameter. These billets
were preheated to 20750F and extruded at a reduction ratio of l:1 to produce
nominal 1/2" bar stock. Exceptions to this procedure occurred for Alloys B,

C, D, E, F, G, and H of Series V. Alloy C was extruded at 2150°F. To extrude
the other six alloyg, it was necessary to use a reduction ratio of 3.1:1 at a
temperature of 2150°F. The extrusions were performed on a 150 ton lake Erie
Forge Press. The extruded bars were machined to sound superalloy bars approxi-
mately one half to one inch in length and 0.325 and 0.375 inch in diameter.

They were then deformed by sidepressing up to 50% of the diameter between fla
dies on the 150 ton Lake Erie Forge Press at temperatures from 2050 F to 2150°F.
The sidepressed bars were then rated by several observers using the rating scale
shown in Table 11 with the average rating being reported to the nearest half
division.

B. Task I1

l., Melting and Casting Procedures

In Task IT, three virgin heats were made for each cast alloy, and
one virgin heat for each wrought alloy. The weight of charged material per
virgin heat was 50 pounds. The remelt procedure for a heat varied depending
‘upon whether it was a cast alloy or a wrought alloy. The procedure for a
cast alloy is the same as in Task I, Table 9, while that for a wrought alloy
is ‘given in Table 12.

For cast alloys, six test bar clusters were required for each alloy -
four tensile bar clusters, one special cluster for Charpy bars, and one special
cluster for thermal fatigue specimens. Each virgin heat yielded two test bar
clusters, thereby requiring three heats for each alloy. One tensile bar cluster
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was cast from each heat plus either one of the special clusters or a second
tensile bar cluster. A tensile bar cluster yielded sixteen tapered 0.250
inch gauge diameter tensile bar preforms (minimum diameter approximately
0.275 inch). A special cluster for Charpy bars yielded sixteen square bars,
1/o% x 1/2" x 3", A special cluster for thermal fatigue specimens yielded
sixteen cast Wedge§, approximately 2" long, 3/8" at the large end, and 13/32"
wide.

For wrought alloys, one extrusion ingot was required for each alloy.
The mold for this ingot was the "flower pot" type, a sketch of which is shown
in Figure 7. This mold was designed to produce the fine grain structure re-
quired for extrusion and holds approximately 25 to 30 pounds of masterial. It
was not preheated. The ingot was removed from the mold immediately after being
removed from the furnace and was then cooled in vermiculite.

2. Mechanical Testing

Four types of mechanical tests were employed in order to evaluate
the mechanical properties of the alloys. The tests included stress rupture
testing in air and in argon atmospheres, tensile testing of "as-cast" and
"heat~treated" material, Charpy impac@ testing, and thermal fatigue testing.

(a) Stress Rupture Testing

Testing was performed in air and in commercially pure argon
atmosphere for the cast alloys and in air for the wrought alloys under the
conditions specified above in the Task II program outline. In the argon tests,
the chambers were flushed with argon before heating; and then the atmosphere
wag maintained after the test until the specimen was cooled to less than 1000
Triplicate specimens were run for all test conditions.

Creep curves were developed for the cast alloys tested in air.
Three different techniques were utilized to develop these curves. They are:
(1) platinum extensometer with a measuring telescope, (2) mechanical extenso-
meter with continuous electronic recording, and (3) dial gauge measurements.
Techniques 1 and 2 have a sensitivity of 1 x 10~5 inches while technique 3 has
a sensitivity of 1 x 10~4 inches. One curve was developed with either tech-
nique 1 or 2 for each alloy under each test condltlon and then a second curve
with technique 3.

(b) Tensile Testing

Tensile tests were performed on "as-cast" and "heat treated®
material at the temperatures specified 1n the Task II program outlxne. The
heat treatment was a 300 hour age at 1875°F (furnace control #5°F) in an
argon blanket. Based upon the metallographic examination of control samples,
the test bars were machined in such a way that there was no internally oxidized
or alloy depleted areas in the test sections. :Duplicate spécimens were run
for all test conditions.
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(¢) Charpy Impact Testing

The Charpy impact testing was performed on a Baldwin Sonntag
Impact Tester in accordance with ASTM standards. The pendulum velocity was
17 ft/sec. The test specimens were unnotched with dimensions of 2.165% x
0.394% x 0.39L" and were machined from "as-cast" material. Quadruplicate
specimens were run for all test conditions.

(d) Thermal Fatigue Testing

The thermal fatigue resistance was determined utilizing the
apparatus shown in Figure 8. This unit uses alternate impingement of oxy-
acetylene flame and air cooling to produce thermal cycling within the test
specimen. Both the flame and the air blast are regulated by metering controls.
In the unit, only one end of the thermal fatigue specimen is anchored in the
apparatus holder. Flame impingement on the specimen creates a thermal grad-
ient, and restraint is provided by the cool areas of the sample farthest from
the flame. Internal stresses are set up which cause eventual cracking of the
material. .

Two thermal cycles were used to evaluate the alloys - from
1875°F and from 2100°F t o ambient temperature in air. The maximum test
temperatures were controlled to within # 25°F, Temperature measurements
were made with an optical pyrometer focused on the hot zone of the test
specimen and were made nominally at 10, 20, 50, 100, ... cycles for each
crack examination interval. The time required for a complete cycle was
one minute with 30 seconds for heating and 30 seconds for cooling.

) The test specimens were precision cast wedges 2" long,
13/32" wide, 3/8" at the back face and 1/32" at the narrow face. The
flame or air blast impinged directly on the narrow face. Dgplicate speci-
mens were run at 1875 F and quadruplicate specimens at 2100 F.

, A crack was detected by careful examination of the hot zone
with a 30 power binocular microscope. Examination was made nominally at
50, 100, 150, 200, 300, <.y 1000, 1200; ..., 2400, 2800, ..., LOOO cycles
for the 1875 F thermal cycle and at 30, 60, ..., 150, 200, ooy 100, 500,
esey 1500, 1700, ...5 3100, 3600, ... cycles for the 2100 F thermal cycle.
Occasionally in examination, the specimen surface was dampened with alcohol
to delineate clearly a crack, particularly one in the initial stages of
propagation. A sample was judged to have failed when the crack propagated
completely across the narrow face.

3. Corrosion Testing

Oxidation and hot corrosion tests were employed to evaluate the
corrosion resistance of the alloys. A gravimetric method was employed in
the oxidation testing. Test specimens were prepared by machining and
grinding cylinders 0.5" in diameter by 0.5" long to provide a uniform
surface for.testing. The specimens were placed in high purity
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alumina erucibles and weighed beforecheating. New crucib%es, which had
been fired for several hours at 2200°F, were used at 2100 F. Aftgr being
cleaned of the spalled scale, these crucibles were reused at 1875 F and
1950°F. The same crucible was utilized for an alloy and test time at the
three test temperatures. The specimens in the crucibles were heated in air
at one of the test conditions., One specimen per alloy was run for each test
condition. Upon removal from the furnace, the crucibles were covered to
prevent loss of scale due to flaking during cooling. After cooling, the
crucible and contents were weighed to determine the weight change:as a result
of oxidation. In addition to the weight measurements, the specimens were
examined metallographically after 1000 hours to determine oxide penetration.
Bpalling and other surface conditions were recorded.

The TRW crucible test was used for hot corrosion (or sulfidation)
testing. This is a gravimetric method which uses the same size specimen as
the oxidation tests. The specimens were weighed and then tested. Specimens
were partially covered with a 1% sodium chloride, 99% sodium sulfate mixture
in silica crucibles. The crucibles with the sp601mens and salt mixture were
heated in air for 1 hour at a temperature of 1800°F. The scale produced during
the corrosion of the specimens was removed by cathodically descaling in molten
sodium hydroxide. After descaling, the specimens were reweighed and the loss
of weight used as a measure of the sulfidation attack.

s Metallography

The metallographic examination of the alloys included both light
and electron microscopy. The specimens were mechanically polished and etched
with one or a corbination of the following etches, depending on the response
of the particular alloy:

(a) 62% H,0, 15% H,50, , 15% HF, and 8% HNO
(b) 10% H 50, in HClo
(¢) 1mml stoLl in 100ml CH

3

Bﬁﬂg electrolytic etch.
A trangverse section from the thread portion of a room temperature
tensile bar of each alloy was used for metallographic examination of the
"ag~cast" structure. In addition, transverse and longitudinal sections from
the thread portion of a room temperature tensile bar of each alloy were used
for metallographlc examination of the structure after the 300 hour age at
1875 F in argon. Photomicrographs were taken at 250X and 750K magnification.
Specimens were examined by electron microscopy using the replica technique.

Photomicrographs at 5X magnification were taken of representative
samples at each stress rupture test condition for each alloy. To examine
further the mode of fracture, longitudinal sections through the necked down
portion of the representative samples were photographed at 60X, 250X, and 750X
magnification.

19



For the wrought alloys, photomicrographs were made at 250X and -
750X magnification of longitudinal and transverse sections of materials in.
the "as-forged" and "as-heat-treated" conditions. Similarly, photomicro- -
graphs were made of a representative specimen in the "necked down® portion
for each alloy at each stress rupture test condition.

5. Phase Analysis

Phase analysis was conducted on eight alloy conditions. They were
the three cagt alloys in the "asmcagt" condition and after 1500 hours at
1600°F, and Alloy VI A after a 1875 F, 15,000 psi stress rupture test and
after a 300 hour argon age at 1875 F. The objective was to identify the
secondary phases present, eege, carbldes, borides, laves, sigma. The pro-
cedure employed was to extract these phades electrolytically in a 10% HC1,
90% methanol solution. The digestion process varied from 12 to 2l hours at
approximately 0.75 amp per square inch. The residues were separated by
centrifuging, washed in methanol, and dried. The X-ray powder patterns of
the residues were recorded on a diffractometer with copper K & radiation
at a scanning speed of 1/2° per min. The diffraction patterns were then
compared to known X-ray patterns in the ASTM card index to 1dent1fy the
phase(s) in the alloys. ‘

6. Extrusion

The extrusion ingots for the wrought alloys were prepared for the
primary extrusion by machining into biilets approximately 2-3/l; inches in
diameter by 6 inches long which were clad in 304 stainless to 3.00 inch
diameter. The billets were preheated at temperatures ranging from 2025 F
to 2100 F and extruded at a reduction ratio of Lsl. Primary extrusion was
accomplished on a 700 ton Loewy extrusion press. The primary extruded
material was then cut inbto approximately 3 inch lengths.

The primary extruded lengths were prepared for the secondary
extrusion by machining to a billet size of ome 1-1/l inches in diameter.
These were clad ig mild steel to 1,50 inch diameter. These billets were
preheated to 2075 F and extruded at a reduction ratio of 4:l. The second-
ary extrusion produced nominal 1/2 inch bar stock. Secondary extrusion was
performed on a 150 ton Lake Erie Forge Press. This material was then heat-
treated to optimize 1875°F stress rupture properties for each alloy and
machined to 0.160 inch diameter stress rupture specimens.
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V. SCREENING STUDIES - TASK I

The results obtained in Task I of the program are presented ahd discussed
in this section. The results include the pertinent melting data, the chemical
analyses, the mechanical property test data, and the workability results.

A, Results

The pertihent melting data for Series I to VI are given in Table 13. The
data include melting times and "silverfish® temperatures of virgin heats and
casting times and vacuum pressures at 2900°F of remelt heats.

The chemical analyses and the mechanical property test data for Beries
I to VI are presented in Tables lh to 119 using the following format for each
seriess chemical analysis, 2000 °F stress rup‘bure data, and tegnsile test data
at temperatures of room temperature, 1400° F, 1875° F, and 2000 The cheml-
cal analysis tables include the aim and actual compositlons° The 2000°F
stress rupture tables include life in hours, log of 1life in hours, percent
elongation, and percent reduction in area. %ens:ﬂ.e test tables include
ultimate tensile strength, 0.2% offset yield strength, percent elongation,
and percent reduction in area. Series I results are given in Tables 1k to 19;
Series II results, in Tables 20 to 25; Series III results, in Tables 26 to 31
Series IV results, in Tables 32 to 373 Series V results, in Tables 38 to U433
and Series VI results, in Tables Ll to L9.

The workability results for Series I to VI are presented in Tables 50
to 55 respectively. These tables include the number of pieces pressed, the .
percent reduction, the temperature of reduction, and the rating for each
material. The definitions of the rating scale are given in Table 11,
B. Discussion

1. GCastability and Machinability

The castability of all Task I alloys compared favorably with that
of other contemporary nickel-base cast alloys. Qualitative observations of
the melting and casting operations indicated that the alloying ingredients
were easily melted within the limits of the established procedure. Reactive
metals were added without violent reactions or metal loss. Fluidity at the
pouring temperature was excellent. All heats were remarkably free of impurity
slags. In addition, the recovery of the alloying elements was generally quite
good as is shown in Tables 1k, 20, 26, 32, 38, and Ll4. Note that the hafnium
contained from 1.5 to 2.0 Zr, maklng zirconium levels slightly higher than
anticipated in alloys, such as Alloy IV Y.

The pertinent melting data for these alloys are given in Table 13.
Variations in the time required for a heat were primarily due to differences
in the melting time, pump down time, and duration of the carbon boil for the
virgin heats. When the furnace was used after a period of inactivity, attain-
ing the proper vacuum was slower. Also, when the crucible had been used pre-
viously and was thoroughly heated, melt-down occurred more rapidly.
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Further verification of the castability of these alloys was the
complete sbsence, with one exception, of porosity detectable by standard
radiographic techniques in the tensile specimens. There was only one tensile
bar rejected amorg the 75 heats for this reason., Some of the "down poles®,
which were subsequently extruded for workability studies contained some degree
of porosity near the upper end as revealed by X-ray inspection. However, these
portions were largely removed before extruding. Rejection of machined speci-
mens in the dye penetrant test was also minimal. Only three finish ground
test bars were withheld from testing for small imperfections. There was no
evidence of cracking or surface checking from machining or grinding operations.
Hence, it appears that all of the Task I alloys fulfill the requirement of
adequate castability and also possess the necessary machinability.

2.  Mechanical Property Tests

The results of the mechanical property tests for a series were used
as a basis for formulating the alloy compositions of subsequent series. Heavy
emphasis was placed upon the 2000°F stress rupture tests in this phase of the
program since the target goal was 3000 howrs stress rupture life at 1875°F
under 15,000 psi load. :

(a) Series I Alloys (27 Compositions)

In Series I, the effects of additions of the solid solution
strengthening elements, W, Mo, and Ta, were studied using the Latin Square -
design. The levels of the elements used were 1.0, L.5, and 8.0 for Mo; 1.0,
5.5, and 10.0 for W; and 1.0, 4.5, and 8.0 for Ta. The effect of these
elements were evaluated at three different levels of the gamma-prime formers,
(A1 # Ti). The levels of (Al # Ti) used were .5 Al + 1,0 Ti, 6.3 Al + 1.0 Ti
and 6.3 Al ¢ 1,8 Ti (Squares 1, 2 and 3 of Table 3).

Statistical results of the 2000°F stress rupture 1life using
logarithmic functions and of the ductility using percent elongation are shown
graphically in Figures 9 and 10, respectively, where the average test values
are plotted versus composition in weight percent. (The results of the Latin
Square analyses are tabulated in Appendix I along with a sample calculation.)
The results of this analysis show that all elements have a statistically sig-
nificant pogitive effect on 2000°F stress rupture life in a base containing
L5 A1 # 1,0 Ti, i.e., increasing concentration from the low to the high level
increases the 1life:. In a base with 6.3 A1 # 1,0 Ti, only Ta has a statistically
significant effect, a positive one; and none of the refractory elements in-
vestigated have a statistically significant effect in a base with 6.3 A1 + 1.8 Ti.
A11 of ghe elements appear to have a statistically significant negative effect
on 2000°F stress rupture ductility in a base containing L.5 Al + 1,0 Ti. Both
Mo and Ta have a significant effect in a 6.3 Al + 1,0 Ti base with Mo going
through a minimum near 4.5 and Ta having a negative effect. In a 6.3 Al *+ 1,8
Ti base, only W has a significant effect, going through a minimum at about 5.5.
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Statistical analyses of ultimate tensile strength and pergent
elongation at temperatures of room temperature, 1h00°F9 1875°F, and 2000°F
are shown graphically in Figures 11 to 18. These results indicate that the
statistically significant effects which each of the elements has on these
properties are as follows: Mo has a positive effect on 1400°F, 1875°F, and
2000 F tensile strengths in a lj.5 Al # 1.0 Ti base. It has a negative effect
on room temperature ductility in all three (Al # Ti) baseg, on 1400°F ductility
in 6.3 Al # 1.0 Ti and 6.3 A1 + 1,8 Ti bases, and on 1875 F ductility in a L.5
Al +# 1,0 Ti base. W has a positive effect on room temperature, 1875 F, and
2000°F tensile strengths and goes through a minimum near 5.5 for 11,00°F tensile
strength with a strong positive effect at the higher level of 10,0, all in a
Le5 A1 # 1,0 Ti base. It hag a negative effect on room temperature ductility
for all three bases, on 1J00 F ductility in a 6.3 A1 + 1,0 Ti and 6.3 A1 *

1.8 Ti bases, and on 2000 F ductility in a k.5 Al + 1.0 Ti bage. Ta has a
positive effect on room temperature, 1h00°F9 1875°F, and 2000°F tensile
strengths in a L.5 Al + 1,0 Ti base. It also has a positive effect on 2000°F
tensile strength in a 6.3 A1 *+ 1,0 Ti base and goes through a minimum for room
temperature tensile strength near L.5 with a strong positive effect at the
higher level of 8.0. Ta has a negative effect on room temperature and 1875°F
ductility in a 6.3 Al * 1,0 Ti base and on 2000°F ductility in a L.5 A1 * 1.0
Ti base, and goes through a maximum at about L.5 for room temperature and
1400°F ductility in a 6.3 Al + 1.8 Ti base, for 1400°F ductility in a 6.3

Al # 1,0 Ti base, and for 1875°F ductility in a L.5 Al # 1,0 Ti base.

While the primary purpose of this work was to statistically
analyze the effects of given elements, certain additional benefits can be
derived from the test results. OExamination of the test data, Tables 15 to
19, shows that the average 2000 F stress rupture lives of three alloys stand
out. They are Alloys 5 (1.0 Mo, 5.5 W, 4.5 Ta, and (6.3 Al # 1.0 Ti%), 7
(1.0 M09 10.0 W, 800 Ta» amd ()405 Al # 1.0 Ti)§3 and 13 (hcs MOB 5.5 W, 8.0 Tag
and (4s5 Al # 1,0 Ti)) with lives of 11.9, 16.L, and 8.5 hours, respectively.
These alloys (Alloy 7, in particular) compare favorably with contemporary cast
nickel-base alloys, with the besg of the present-day commercial cast alloys.
For example, Mar M200 has a 2000 F/15,000 psi stress rupture life of approxi-
mately 15 hours, Figure 1. Also, alloys of Series I with high refractory metal
content have, in general, average tensile strengths which are comparable to, and
in some instances, greater than those of present-day commercial alloys. In
addition, the data indicate that low ductiligy could be a problem at the lower
two temperatures, room temperature, and 1400 F,

On the basis of the above results, Mo and Ti were fixed at
2,0 and 1.0 respectively. Ta, W, and Al were scheduled for further study.
Ta and W were set at 8.0 amd 5.5 respectively, for Series II and III but were
studied further in Series IV and V. Al was set at 4.5 for Series II and
examined further in Series III.
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(b) Series II Alloys (9 compositions)

In Series II, the effects of small additions of the strong
carbide formers, Cb, V, and Hf, were studied using the Latin Square desi§n.
The levels of the elements used were O; 1.0, and 2.0 (Square L of Table 3).

Statistical evaluations of the 2000°F stress rupture life
and of the ductility are shown graphically in Figures 19 and 20 respectively.
The results of this amalysis show that the elements V and Hf have a statis-
tically significant effect on 2000°F stress rupture life with V having a
negative effect, and Hf having a positive one. The elements Cb and Hf
appear to have a statistically significant effect on 2000 F stress rupture
ductility with Cb having a negative effect; and Hf going through a maximum
(positive effect) near 1.0. : :

Statistical analyses of ultimate tensile strength and pergent
elongation at temperatures of room temperature, 1400°F, 1875°F, and 2000°F

are presented graphically in Figures 21 to 28. These results indicate that

the statistically significant effects which each of the elements has on these
properties are the following: Cb has a negative effect on room temperature
ductility and a positivg one on 1400°F and 2000°F tensile strengths. has a
positive effect on 1400 F tensile strength, and a negative one on 2008 F ten-
sile strength above 1.0, and goes through a maximum near 1.0 for 1L4OO F duc-
tility. Hf has a negative effect on room temperature ductility, and a positive
one on 1400°F tensile strength and ductility and on zoogoF tensile strength
above 1.0, and goes through a minimum near 1.0 for 1875 F tensile strength,

but has a positive effect at the higher level of 2.0,

Examination of the testodata, Tables 21 to 25, shows that
two of the alloys have an average 2000 F stress rupture life of better than
15 hours, e.g., Alloys d(1.0 Cb, 1.0 Hf) and g (2.0 Cb, 2.0 Hf) with lives
of 17.1 and 19.2 hours, respectively. These compare favorably with the best
of the present-day commercial cast alloys. In addition, the alloys of Series
IT exhibit better than average tensile strengths. However, the data indicate
that(%?w ductility could be a problem especially at room temperature and -
11.].00 . o : B

On the basis of the above results, V was eliminated from the
next series, while further tests were run on Hf in Series IV. (Series II and
ITI were melted and cast at the same time using the same basge compositions so
the next series to be run utilizing these results is Series IV.) The element
Cb was fixed at 0.5 based on metallurgical judgment.
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(¢) Series III Alloys (9 compositions)

In Series III, the effects of additions of two not commonly
used solid solution strengtheners; Re and Ru; and of variations in Al, the
primary gamma-prime former, were examined employing a latin Square design.
The levels of the elements used were as followsé 0, 2.0, and 4.0 for Re;

0, 1.0, 2.0 for Ru; amd L.5, 5.4, and 6.3 for Al (quare S of Table 3}

Statistical calculations of the 2000°F stress rupture life
and ductility are illustrated graphically in Figures 19 and 20, respectively.
The results show that the elements Ru and Al have statistically significant
effect on 2000°F stress rupture life with Ru having a negative effect and Al
going through a maximum near 5.)i, None of the elements appear to have
statistical significance on 2000°F stress rupture ductility.

Statistical analyses of ultimate tensile strength and per=
cent elongation at temperatures of room temperature, 1),00°F, 1875°F, and
2000°F are shown graphically in Figures 21 to 28. These results 1ndlcate
that the statistically significant effects which each element has on these
properties are as follows:t HRe has a negatlve effect on room temperature and
1,00°F ductility and a positive one on 1875°F tensile strength. Ru has a
negative effect on room temperature ductility and goes through a minimum
at about 1,0 for 1875°F tensile gtrength jand ductilify. ‘Al has a negative
effect on room temperature, 1LOO F, 1875° F, and 2000°F tensile strength,
and goes through a minimum at about 5ol for 2000°F ductility.

Examination of the test data, Tables 27 to 31, shows that
two of the alloys have an average 2000 °F stress rupture life of better than
15 hours; e.g.s Alloys d (5.4 Al, 2.0 Re) and g (45 Al, .0 Re) with lives
of 16.6 and 15.5 hours respectively. ILike Series II, the tensile strengths
are above average but the ductilities are relatively low for Series III alloys.

On the basis of the above results, Ru was eliminated from
further consideration in the program, Al was fixed at 5.l and Re was scheduled
for further study in Series IV.

(d) Series IV Alloys (18 compositions)

In Series IV, the effects of four elements not prev1ous1y studied
(Cr, Co, C, and Zr) and four elements requiring further testing (Ta, W, Hf, and
Re) were examlned using a fractional factorial design in which 8 factors were
varied at 2 levels (16 alloys). The design is given in Table L. The levels of
the elements used were as follows: 7.0 and 10.0 for Cr, 5.0 and 10.0 for Co, 0.08
and 0,18 for C, 0.03 and 0.23 for Zr, 8.0 and 10.0 for Ta, 5.5 and 7.5 for W, 1.5
and 2.5 for Hf, and 0 and 1.0 for Re. Two additional alloys were included in
this series. One was designed on the basis Of past experience in the program
and metallurgical judgment, while the other had the design center composition
of the fractional factorial experiment, Alloys Y and Z, respectively.
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Statistical calculations of the mechanical properties are
given in Table 56. It should be noted that both main effects and first order
interactions are obtained from the fractional factorial technique. The inter-
actions are confounded; but since there were no statistically significant
interaction effects on 2000°F stress rupturs life, only the main effects are
congidered in this discussion. A sample calculation is given in Appendix IT,

The main effects calculated from these alloys show that five
out gf the eight elements varied have statistically significant effects on
2000°F stress rupture life. They are Co, Cr, Ta, W, and Hf. These elements
all have a negative effect on life at the elgment levels tested. There were
no statistically significant effects on 2000°F stress rupture ductility.

The statistically significant effects for each of the 8 elements
on the tensile properties at the element levels tested are as follows: Co has
a negative effect on 1L400°F and 2000°F tensile strengths and a positive one on
2000°F ductility. COr has a negative effect on room temperature and 1L400°F ten-
sile strengths and ductility and on 1875°F and 2000°F tensile strengths and a
positive one on 2000°F ductility. OTa has a nggative effect on 1JOO°F tensile
strength and ductility and on 1875 F and 2000 F guotilit »~ W has a negative
effect on room temperature ductility and on 1LOOF, 1875XF, and ZQOOOF tensile
strengths. Hf has a negative effect on room temperature and 1400 F tensile
gtrengths. C has a negative effgct on 2000°F tensile strength and ductility,
Zr has a negative effect on 1875 F and 2000°F tensile strengths. Re has a
negative effect on 1400°F tensile strength and on 2000°F tensile strength and
ductility. '

Examination of the test data, Tables 33 to 37, shows that 7 out
of 18 alloys have an average 2000°F stress life of better than 20 hours; e.ge,
Alloys A, D, J; L, My N, and Y with lives of 27.3, 26.1, 21.7, 3L.0, 23.7, 33.2,
and lj1.3 hours, respectively. Alloy Y, the alloy designed on the basis of past
experience and metallurgical judgment, had the best life of any alloy in the
program through Series IV. "Again, as in the previous two series, the tensile
strengths are above average, and the ductilities are low.

On the basis of the above results, the next series was designed
so that it in conjunction with Series IV could be used to determine the con-
stants of a general quadratic equation. This equation would be used for final
optimization of four chemical elements. The elements, Cr, Ta, W, and Hf, were
chosen from Series IV as being the four (out of eights elements having the most
gignificant effect on 2000°F stress rupture life. All other elements were fixed
at the design-center composition. »

(e) Series V Alloys (8 compositions)

In Series V, the effects of Cr, Ta, W, and Hf were examined
uging a fractional factorial design in which four factors were varied at two
levels (8 alloys). The design is given in Table 5. The levels of the elements
used were lj.0 and 6.0 for Cr, 6.5 and 7.5 for Ta, 4.0 and 6.0 for W, and 1.00
and 1.75 for Hf.

26



Statistical calculations of the mechanical properties are
given in Table 57. The calculated main effects show that Cr, Ta, and W
have statistically significant positive effects. As in Series IV, the
interactions were not statistically significant. Ta has a statistically
significant negative effect on 2000°F stress rupture ductility.

The statistically significant effects for each of the four
elements on the tensile properties are as follows¢ Cr has a pogitive effect
on 1400°F tensile strength and ductility angFon 1875°F and 2000°F tensile
strengths. W has a positive effect on 1825 “and 2000°F tensile strengths,
but has a negative one on 1875°F and 2000°F ductility. Ta has a positive
effect on 1400°F, 1875°F and 2000°F tensile strengths, but has'a negative
one on room temperature, 1875 F, and 2000°F ductility. Hf has a positive
effect on 1875°F and 2000°F tensile strengths, but has a negative one on
2000°F ductility.

The statistical results of Series IV and V for the four
elements Cr, Ta, W, and Hf illustrate one of the inherent difficulties in
such a two level experiment as noted above. For example, the 2000°F stress
rupture life results in Series IV indicated that Cr, Ta, W, and Hf were
detrimental to life; but in Series V the results indicated that Cr, Ta, and
W were beneficial to life. As can be seen from Tables 2 and 3, the lower
levels of Series IV and upper level of Series V for W overlap and those for
Cr and Ta are very close. This illustrates the fact that the statistics only
indicate the direction one should go, but do not show whether a maximum (or
minimum) exists between the two chosen levels or outside them. Therefore,
further experimental and/or mathematical results are reduired to resolve this
problem. In this case a mathematical method was used to optimize the effect
of these four elements on 2000°F sfress rupture life. The quadratic equation
obtained from amalysis of the 2000 F stress rupture life results of Series IV
and V is given belows

Loglo (2000°F stress rupture life, hours) = 7.088 (1)

# 0,604 (Cr*) * 1.06(Ta) + 0.70(W) # 0.3L4(Hf)

-0.30(cr)? - 0.0226(Cr)(Ta) = 0.005L(Cr)(W) = 0.006(Cr)(HE)
- 0.044(Ta)® - 0,021(Ta)(W) - 0.026(Ta)(HE)
- 0.0l1(W)2 - 0.006(W)(HSE)

- 0.041(HE)2

# Concentration of element in parenthesis is in weight percent.
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Examination of the test data,oTables 39 to 43, shows that four
out of the eight alloys have an average 2000 F stress rupture life of greater
than 20 hours; e.g.s Alloys A; E, G, and H with lives of 23.3, 21.5, L41.8, and
26.2 respectively. As in previous series, the tensile strengths of the alloys
with stress rupture lives of 20 hours or more are above average, while the
ductilities are low.

(£) Series VI Alloys (), compositions)

Series VI was used to optimize further the compositions de-
rived in the program to this point. Alloy A was obtained by maximizing
Equation 1. The optimum values calculated for the four elements - Cr, Ta,
W, and Hf -were 6.1, 9.0, 5.8, and 0.43, respectively.(Other elements were
flxed at d351gn—center levels of Séries IV).. The remaining three alloys
were formulated from a combination of experience gained from the previous
alloy series of this program and metallurgical judgment.

Examination of the test data, Tables L5 to L9, shows that
all four alloys have an average stress rupture life of greater than 35 hours
and two have a life between 60 to 70 hours. Specifically, alloy A, B, C,
and D had average lives of 62.9, 39.0, 35.6, and 67.3 hours respectlvely. Note
that the 2000 F stress rupture life predicted for Alloy A by Equation 1 (see
Appendix III) is LO.7 hours. The average value actually obtained for Alloy A,
62.9 hours, is much larger than this value. Statistically, this suggests a
deficiency in the mathematical model. It appears very likely that terms of
higher order than those included in the regression analysis play an important
role in determining the strength of nickel-base alloys, even in the restricted
range that was studied. As before, the tensile strengths of the alloys are
above average while the ductilities are low. ~

3. Metallographic Analysis

Typical microstructures for some.of the alloys in the as-cast
condition as derived from the transverse sections of room temperature ten-
siles are shown in Figures 29 to 3L, These photomicrographs illustrate the
complexity of the structures developed in the highly alloyed nickel-base
gy stems produced in this program. Figures 29 to 32 show photomlcrographs
of Alloys 1If, IIIg, IV Y,and VI D, These specimens have 2000°F stress rupture
lives of 5.0, 15.5, 41.3, and 67.3 hours respectively. Note that alloys with
poor stress rupture lives, IIf and IIIg, have relatively "clean" microstructures.
On the other hand, alloys with longer stress rupture lives, IV Y and VI D; con-
tain a considerable amount of precipitate, especially massive gamma-prime.
Figure 33 shows electron micrographs (using replica technique) of massive
gamma-prime regions of Alloys V G, and VI D. These micrographs show more
clearly than the light micrographs that the massive gamma-prime regions are
not just large globules of primary gamma-prime but are a much finer dispersion.
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Wlodek(ls) has shown in IN 100 that the phase which resembles a pearlitic
structure within such massive gamma-prime regions is similar to the perovskite
carbide fegsrted by Sta?elgaier(19). Similar structures have been reported

in U-700'29/ and B-1900'21)., These micrographs are typical of much of the
massive gamma-prime regions of the better alloys, such as IV Y, V G, VI A,

and VI D, Such dispersons of gamma-prime are prdbably beneficial to the stress
rupture life of these alloys. The carbides are largely the massive MC type such
as in Figures 34A and B. There also appears to be some grain boundary carbides,
possibly MQBC6 or M type as seen in Figure 34C. Also note that the secondary

gamma~-prime of the better alloy, VI D, in Figure 3LA is generally larger than
that in the poorer alloy, IIIg, in Figures 3lB and C.

The above metallographic results are also useful in explaining why
there was no significant loss in tensile strengths between room temperature and
lhOOgF° In fact, in alloys with large quantities of massive gamma-prime, e.g.;
IVL, IVN, IV Y, and V G, thgre were substantial increases in tensile strengths
from room temperature to 1400 F. Rockwell C hardness tests indicated that this
increase was not principally due to strengthening from additional precipitation
at the higher temperature, Table 58, The strengthening mechanism in this case
appears to be due to a variation in flow characteristics between the gamma-prime
phase and the matrix. It has been demonstrated that the flow,stress of the
gamma-prime phase increases with temperature wup to 1hOO°F )

The fracture surface and general appearance of typical stress rupture
specimens are shown in Figure 35. The fracture area microstructures of long-
itudinal sections of stress rupture specimens are shown in Figure 36. These
typical specimens indicate that the fractures are intergranular in nature.

e Worksbility

Workability in a nickel-base alloy is important if the alloy is to
be used as a wrought material., In order to determine the feasibility of adapt-
ing the cast compositions developed in this program to wrought procedures, each
of the 75 alloys of Task I were subjected to a workability test. The test,
which consists of extrusion to bar stock and side pressing, has been discussed
previously in the Materials and Procedures section. Typical extrusions are
shown in Figure 37. The rating scale used to rate the material is given in
Table 11 with typical examples being shown in Figure 38. The results were then
analyzed using the same statistical techniques used with the mechanical properties.

In Series I, II, and III, the ILatin Square design was used to analyze
the property results. In Series I, the effects of varying Mo (1,4.5,8), W
(1,5.5,10) and Ta (1,4.58) were studied at three different (Al + Ti) levels
(o5 # 1,0, 6.3 # 1.0, 6.3 + 1.8), Using the base obtained from Series I,
Cb (0,1,2), V (0,1,2) and Hf (0,1,2) were examined in Series II; and Re (0,2,L),
Ru (0,1,2), and Al (Le5,5.l4,6.3) were examined in Series III. The designs are
given in Table 3. The statistical evaluation of workability is illustrated
graphically in Figures 39 and lj0. The statistically significant effects for
each element are as follows: in Series I, Mo does not significantly affect
workability at any of the three (Al # Ti) levels studies. W has a negative
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effect at the(6.3 Al # 1.0 Ti) and the (6.3 A1 #+ 1.8) levels. Ta has a
negative effect at the (6.3 Al #+ 1,0 Ti) and (6.3 Al + 1.8 Ti) levels. In
Series II, Cb has a negative effect. Neither V nor Hf has a significant
effect. In Series III, Re and Al have a negative effect, but Ru does not
have a significant effect.

In Series IV and V, the fractional factorial design was used to

nalyze the property results. In Series IV, the effect of varying Co (5.0 and
10.0), Cr (7.0 and 10.0), Ta (8.0 armd 10.0), Hf (1.5 and 2.5), C (0.08 amd
0.18), Zr (0.03 and 0.2'3 and Re (0 and 1.05, and in Series V, the effect of
varying Cr (4.0 and 6.0), Ta (6.5 and 7.5), W (4.0 and 6.0), and Hf (1.00 and
1.75) were studied. The designs are given in Tables li and 5. The statistical
evaluations of workability are given in Tables 59 and 60. The elements of
Series IV having a positive effect on workability at the lévels tested are
as follows (listed in order of decreasing effect): Cr, C, and Zr; and those
having a negative effect on workability at the levels tested: W, Re, Hf, and
Co, Ta did not affect workability in Series IV. The element of Series